The effect of the defoliant thidiazuron (N-phenyl-N'1,2,3-thiadiazo1-5- (2, 18) , it is important to understand the biochemical mechanism(s) by which TDZ enhances its production. Etiolated mung bean hypocotyls have been used extensively as a model system for evaluating the effects ofmany compounds that either enhance ' Mention of trademark or proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture and does not imply its approval to the exclusion of other products that may also be suitable.
Harvest aids such as defoliants or desiccants are currently regarded as essential components of modem cotton production. The use of these plant bioregulators facilitates mechanical harvesting and improves the quality and value of the harvested cotton lint. Defoliating compounds are generally preferred over compounds that desiccate because the abscised leaves do not interfere with mechanical picking machines.
TDZ'"2 ( Fig. 1) is currently registered for use as a cotton defoliant. The abscission-inducing properties of this compound were first reported by Arndt et al. (4) . The physiological basis(es) ofthe defoliating activity ofTDZ are currently unknown. Preliminary experiments in this laboratory have shown that treatment of cotton seedlings with TDZ results in a large and sustained elevation of ethylene evolution (22) . Since ethylene is currently regarded as an endogenous regulator ofabscission in many plants (2, 18) , it is important to understand the biochemical mechanism(s) by which TDZ enhances its production. Etiolated mung bean hypocotyls have been used extensively as a model system for evaluating the effects ofmany compounds that either enhance ' Mention of trademark or proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture and does not imply its approval to the exclusion of other products that may also be suitable.
2 Abbreviations: TDZ, thidiazuron; AVG, aminoethoxyvinylglycine; PCIB, 2-p-chlorophenoxy-2-methyl propionic acid; ACC, I-aminocyclopropane-l-carboxylic acid; AIBA, a-aminoisobutyric acid; AOA, aminooxyacetic acid.
or reduce the rate of ethylene production. As a first step toward understanding/defining the physiological basis(es) of the defoliating activity of TDZ, its effect on ethylene evolution was examined. This paper describes the effects of TDZ on ethylene evolution from mung bean hypocotyls and attempts to define the biochemical basis for this interaction. A preliminary report of this research has been presented (22) .
MATERIALS AND METHODS
Plant Material and Experimental Procedure. Mung bean (Vigna radiata L. Wilczek) seeds were surface-sterilized by soaking in 1% (v/v) NaOCI (1:5 dilution of commercial bleach) for 5 min. The seeds were then rinsed in running distilled H20 for 4 h and were sown in flats containing vermiculite. Etiolated seedlings were raised in an incubator (25 ± 1C) for 6 d. Hypocotyl segments (1.5 cm) were prepared by excising a portion of the hypocotyl immediately below the closed hook. All manipulations were conducted under a low fluence, green safelight in a darkroom.
All experiments described in this paper were repeated at least three times. Whenever possible, each treatment within an experiment was replicated (n = 3). Due to the nature of some of the experiments, replication within an experiment was not feasible. Data from a typical experiment are presented.
Chemicals. Technical-grade TDZ was a gift from E. Pieters of Nor-Am Agricultural Products, Inc. Stock solutions of thidiazuron were prepared in DMSO. A DMSO concentration of 0.1% (v/v) was used in all studies (including controls). AVG was a gift from Dr. R. W. Bagley of HLR Sciences, Inc. AOA, chloramphenicol, a-amino-isobutyric acid, BSA, DL-DTT, Hepes, pyridoxal-5-phosphate, sucrose, and PCIB were purchased from Sigma Chemical Co. ACC and Mes were purchased from Calbiochem. (NH4)2 SO4 was purchased from Schwartz-Mann. Dose-Response Studies. Excised hypocotyl segments were placed in 25 ml flasks that contained 4 ml of treatment solution (10 segments/flask). The treatment solution consisted of 10 mM Mes/KOH buffer (pH 5.7) containing 2% (w/v) sucrose, 5 mM CaCl2, 50 gg/ml chloramphenicol ± various concentrations of TDZ. The flasks were sealed and were incubated in the dark (25C) for 24 h. At that time the headspace was sampled and the ethylene content determined by GC using an alumina column.
Time Course Studies. Excised hypocotyl segments were placed in 25-ml flasks (10 segments/flask) that contained 4 ml of the above-mentioned treatment buffer ± 10 gM TDZ. The flasks were sealed and were incubated in the dark (25°C). At various times, up to 30 h after the start of the treatment, the ethylene content of the headspace was determined. in 10-ml plastic syringes and were incubated 30 min and the rate of ethylene evolution was then determined by GC.
Inhibitor Studies. Excised hypocotyl segments were placed in 25-ml flasks that contained 4 ml of 10 AM TDZ buffer. This incubation medium was fortified with the following amendments: (a) none (control); (b) 100 Mm AVG; (c) 1 (21) . Ethylene was allowed to accumulate for 4 h. An aliquot ofthe headspace was removed and the specific radioactivity of ethylene was determined as described previously (21) (Fig. 2) . The observed stimulation of ethylene evolution was maximal at a TDZ concentration of 10 to 100 Mm. Solubility limitations precluded the testing of concentrations higher than these.
The ability of many compounds to stimulate the rate of ethylene synthesis has been found to be augmented by the inclusion of calcium salts in the incubation medium. The inclusion of CaCI2 at concentrations of less than 10 mm was found to enhance the ability of TDZ to stimulate ethylene evolution (Fig.  3) . For this reason CaCl2 was included in all incubation media used for these experiments.
When hypocotyl segments were treated with TDZ in a standard incubation system (see "Materials and Methods") an enhancement of ethylene evolution was observable 4 h after the start of the treatment (Fig. 4) . The rate ofethylene evolution from treated tissues remained well above control values for the duration of the expenrment (up to 30 h posttreatment).
The large headspace volume to tissue ratio utilized in the foregoing experiments precluded the evaluation of any short- term (i.e. less than 120 min) effects of TDZ on the rate of ethylene evolution. This deficiency was overcome by the incubation of hypocotyl segments in l0-ml syringes for 30 min at various times following TDZ treatment. An enhancement (2.5 x control) in the rate ofethylene evolution was observed between 60 to 90 min after initiation of the TDZ treatment (inset, Fig.  4 ). The short lag period observed in these experiments was similar to the lag period often observed following auxin treatment. PCIB has often been found to antagonize auxin-mediated responses (16) . Inclusion of 1-mM PCIB in the incubation medium had little effect on the rate of ethylene evolution from control tissues but reduced ethylene evolution by 72% from TDZ-treated tissues (Fig. 5) THIDIAZURON AND ETHYLENE EVOLUTION evolution from both control and treated tissues.
Methionine has been shown to be the major, if not sole, precursor of ethylene in all plant tissues examined including mung bean hypocotyls (for review see [14] ). When excised hypocotyl segments were incubated on ['4C]methionine and then exposed to TDZ, radioactivity was detected in ACC, acid-labile conjugated ACC (presumably N-malonyl ACC, see [3, 10] ) and ethylene ( Table I ). The specific radioactivities of ethylene and carbons 2 and 3 ofconjugated ACC were found to be comparable while the specific radioactivities of carbons 2 and 3 of free ACC were considerably higher.
Consistent with the hypothesis that methionine is the major precursor ofethylene in TDZ-treated tissues are the data gathered using inhibitors of the methionine pathway (Table II) . Inhibitors of both ACC synthase (AVG, AOA) and ACC oxidase (CoC12, AIBA) reduced TDZ-stimulated ethylene evolution.
Both the formation as well as the utilization ofACC have been shown to be regulatory sites in the pathway of ethylene biosynthesis in many higher plants, including mung bean hypocotyls (24) . Therefore, it was of interest to determine the effect of TDZ treatment on both of these biochemical steps. Following 7 h of TDZ treatment, the rate of ethylene evolution was 3.1 x the rate of ethylene evolution from untreated hypocotyl segments (Fig.  6 ). During this 7- the segments were washed and were treated with TDZ (100 Mm) for 6 h. Twenty-five segments were then placed in flasks containing TDZ plus a CO2 trap. The flasks were sealed for 4 h. An aliquot of the headspace gas was removed and the specific radioactivity of ethylene was determined. The segments were extracted in aqueous ethanol, conjugated ACC was hydrolyzed to free ACC and then both were converted to ethylene. The specific radioactivities of carbon atoms 2 and 3 of both of these compounds were then determined. experiment. The endogenous levels of acid-labile conjugated ACC were approximately lOx those of free ACC in both control and treated tissues. Treatment with TDZ resulted in an apparent elevation in conjugated ACC levels 7 and 11 h after initiation of the experiment. By 23 h after the start of the experiment, levels ofconjugated ACC were found to be almost equal in both control and treated tissues (3.57 versus 3.66 nmol, respectively).
The effect of TDZ on the final step of ethylene biosynthesis, namely the conversion of ACC to ethylene, was examined by providing tissues with a high concentration of exogenous ACC. While effective in stimulating the rate of ethylene evolution in the absence of exogenous ACC, TDZ had no significant effect on the ability of these tissues to convert ACC to ethylene (Fig.  7) . In addition, TDZ treatment did not influence the ability of these tissues to take up exogenous ACC from the bathing medium. The data presented in this figure show that only 3 aMean ± SE (n = 3 or 4).
detect any degree of conjugation of exogenous ACC over the course of the experiment (3 h).
Data from these two types of experiments suggest that the formation of ACC was the rate-limiting step in both control and TDZ-treated tissues. The formation of ACC has been shown to be catalyzed by a soluble enzyme: ACC synthase (6) . Therefore, an attempt was made to examine the effect of TDZ on the extractable activity of this enzyme. Detectable activities of this enzyme were found in both control and treated seedlings (Table  III) . However, in spite of its ability to stimulate ethylene production, TDZ treatment had no comparable effect on the extractable activity of this enzyme. In both treated and control tissue, the activity of this enzyme as assayed in vitro was very low when compared to the in situ rates of ethylene formation.
DISCUSSION
The data presented in this paper demonstrate that treatment of excised mung bean hypocotyl segments with the defoliant TDZ results in a marked stimulation in the rate of ethylene evolution. The abilities of known inhibitors of the methionine pathway of ethylene biosynthesis to inhibit TDZ-stimulated ethylene evolution (Table II) coupled with the fact that application of radioactively-labeled methionine leads to the appearance of radioactivity in both ACC and ethylene (Table I) indicates that methionine is the major,, if not sole, precursor of ethylene in treated hypocotyl segments. The increase in ethylene evolution following thidiazuron treatment is mirrored by an increase in the endogenous levels of ACC (Fig. 6 ). Both control and treated tissues respond to exogenous ACC with rates of ethylene production far in excess (25x) of those elicited by TDZ treatment alone (Fig. 7) . This observation suggests that the final step in ethylene biosynthesis is not saturated in either control or TDZ-treated tissues and is therefore probably not rate limiting. The data presented in this figure also show that TDZ treatment has no significant effect on either the ability of the tissues to take up exogenous ACC or to convert it to ethylene. Also evident from the data in Figure 7 is the fact that only a small percentage (about 6%) of the ACC taken up is converted to ethylene.
Taken on the whole, the data suggest that ethylene production in TDZ-treated tissues is limited by the availability of free ACC. Thus, one would expect to see a corresponding effect of TDZ on the activity of ACC synthase; this was not observed (Table III) . In addition to de novo synthesis, free ACC in these tissues could also be generated by release from the N-malonyl conjugate. The data presented in Figure 6 show that there is sufficient conjugated ACC to account for the observed increase in free ACC. The fact that the specific radioactivities of carbon atoms 2 and 3 of Nmalonyl-ACC are much lower than those of free ACC (Table I), indicates that the conjugate is not the source of free ACC in these tissues.
Alternatively the lack of correlation between in vitro ACC synthase activity with free ACC levels and the lack of correlation between the specific radioactivities of free ACC and the ethylene released following TDZ treatment could be due to enzyme inactivation during workup and the existence of multiple pools of free ACC with differing rates of turnover. ACC synthase activity has indeed proven to be very difficult to demonstrate in extracts from many plant tissues with the notable exception of several types of fruit tissues (6, 19) . Assuming that all of the ethylene released by tissues in response to TDZ treatment was derived from newly synthesized ACC, then the level of extractable enzyme activity was only a small per cent of that expected based on the observed rate of ethylene evolution. Nevertheless, the in vitro activity of ACC synthase described in this paper compares favorably with the activity found by others in homogenates of mung bean hypocotyls (25) . These authors also found the enzyme to be labile in tissue homogenates.
Evidence indicating the existence of multiple intracellular pools of ACC with differing rates of turnover or access to the enzyme(s) converting ACC to ethylene has been presented by Guy and Kende (9) . Finally, the ability of both AVG and AOA to inhibit TDZ-stimulated ethylene evolution suggest that de novo synthesis of ACC is required in these tissues. The current unavailability of N-malonyl ACC precludes direct examination of the source(s) of free ACC in these tissues. The ability of exogenous N-malonyl ACC to serve as a source of both free ACC and hence ethylene has been assessed in germinating peanut seeds (I 1). While readily taken up by these tissues, N-malonyl-ACC proved to be a very poor source of free ACC and ethylene. Thus we conclude that the increase in free ACC in these tissues following thidiazuron treatment is the result of de novo synthesis from methionine via S-adenosylmethionine.
The physiological mechanisms by which TDZ enhances the ability of hypocotyl segments (as well as other tissues) to synthesize and release ethylene is not clear at present. Both chemical stress-inducing agents as well as hormonally active substances can stimulate the rate ofethylene evolution (1) . Ethane evolution has proven to be a reliable indicator ofthe degree ofphysiological injury of plants in response to a variety of chemical or environmental stresses (8) . During the course of the experiments described herein, TDZ was found to have no consistent effect on the rate of ethane evolution from treated tissues (data not presented).
Besides stimulating abscission, TDZ has been shown to have significant hormone-like activity in a number of bioassay systems. Several reports have described the cytokinin-like activity of thidiazuron in a number of bioassay systems (5, 12, 23) . In perhaps the most detailed report published, TDZ was shown to be more active than zeatin in promoting growth of cytokinindependent callus cultures of Phaseolus (17) . Cytokinin-like compounds have been shown to stimulate ethylene production when administered to a number of plant tissues including mung bean hypocotyl segments (13, 26) . The period of time between the application of the cytokinin and the initial increase in the rate of ethylene evolution (lag or induction period) is roughly 6 h (13). The results presented in Figure 4 demonstrate that elevations of ethylene evolution are measurable within 90 min of TDZ application. This lag period is reminiscent of the lag period in auxin-stimulated ethylene production (about 60 min; [20] ).
Discounting differences in the rates of uptake between TDZ and other cytokinins, it would therefore appear that TDZ is not acting as a cytokinin in the responses detailed in this paper. Alternatively, it could be argued that TDZ is acting as an auxinlike substance in these tissues. This hypothesis is supported by the observed ability of the compound PCIB to inhibit TDZ-
